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We study experimentally the writing of one- and two-dimensional photorefractive lattices, focusing
on the often overlooked transient regime. Our measurements agree well with theory, in particular
concerning the ratio of the drift to diffusion terms. We then study the transverse dynamics of
coherent waves propagating in the lattices, in a few novel and simple configurations. For focused
linear waves with broad transverse spectrum, we remark that both the intensity distributions in real
space ("discrete diffraction") and Fourier space ("Brillouin zone spectroscopy") reflect the Bragg
planes and band structure. For non-linear waves, we observe modulational instability and discrete
solitons formation in time domain. We discuss also the non-ideal effects inherent to the photo-
induction technique : anisotropy, residual nonlinearity, diffusive term, non-stationarity.
PACS numbers:
I. INTRODUCTION
The photorefractive effect is the process by which re-
fractive index changes can be induced in photosensitive
crystals as a consequence of illumination with light pat-
terns. This effect is complex, intrinsically nonlocal and
anisotropic, and features various regimes [1–4, 15]. In
the last decades, the photorefractive effect has been often
used for generating waveguide arrays (photonic crystals)
and study the linear and non-linear propagation of light
waves inside them. Remarkable realizations included the
observation of discrete optical solitons [5], discrete opti-
cal vortices in 2D lattices [6], or Anderson localization of
light in disordered landscapes [7], among many others.
Despite these numerous works, systematic studies of
photorefractive lattice writing and wave propagation in-
side them, providing quantitative comparisons of mea-
surements with theories, are rare. In this paper, we study
the photorefractive lattice writing process, especially in
the often overlooked -but nonetheless relevant- transient
regime, and several cases of wave propagation, provid-
ing some new observations in simple configurations. We
compare measurements with theories and in some cases,
for the first time to our knowledge, to simulations with
only directly calibrated (and non-adjustable) parameters,
using a new lattice calibration method [8]. We discuss
overall the validity of the various approximations, and
the strength of non-ideal effects, to improve our under-
standing of photorefractive lattice experiments.
In section II, we briefly review the standard theory
of photorefractive writing and probing. In section III,
we study the transient photorefractive writing, for the
simplest case of a 1D lattice. We find good agreement
with standard theory concerning the role of various pa-
rameters, and the ratio between the drift and diffusion
photorefractive terms which is linear in lattice period.
In section IV, we study the propagation of simple linear
and non-linear waves in regular lattices. We describe an
interesting analogy between the linear patterns of dis-
crete diffraction (in real space) and Brillouin zone spec-
troscopy (in Fourier space), the Bragg planes and band
structure being apparent on both types of pictures, and
we compare both measurements to simulations. Finally,
we study nonlinear effects in some new configurations.
Modulational instability is observed in a quasi-1D geom-
etry at the center of the Brillouin zone for a focusing
non-linearity, and is absent for a defocusing one. The
transition from discrete diffraction to a discrete soliton
is observed in time, due to the differential writing speed
for the lattice and nonlinear effects.
II. THEORY OF PHOTOREFRACTIVE LATTICE
WRITING AND PROBING
1. Photorefractive effect
Let us first recall the relevant theoretical frame. The
basic mechanism of the photorefractive effect is the pho-
togeneration of mobile charge carriers, generally assumed
to be only electrons, which are then subject to dis-
placement in the crystal, purely diffusive (from light to
shadow), or driven by an externally applied electric field
E0. Their recombination at different locations gives rise
to a permanent space-charge electric field Esc, which, via
the linear (Pockels) electro-optic effect, creates modula-
tions of the refractive index inside the crystal.
In the particular case of the most often used strontium
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2barium niobate (SBN) crystals, which belong to the point
4 mm symmetry group, and assuming Esc oriented along
the crystalline axis, transverse direction y (which is valid
in the drift dominated case, see below), the extraordinary
and ordinary refractive index changes in the crystal can
be written (see, e.g., [9])
δne =
1
2
n3er33Esc, (1)
δno =
1
2
n3or13Esc, (2)
where ne and no are respectively the extraordinary and
ordinary refractive indexes in zero electric field, and rij
the relevant electro-optic coefficients [38]. The standard
model used to describe the dynamics of charge carrier
generation, displacement, and the resulting field and re-
fractive index modulations, is due to Kukhtarev et al. [3].
Within this model, most works consider only the steady-
state, but the transient regime can also be very relevant
experimentally, as we show below.
Isoptropic approximation
As a first step, theoretical works have treated purely
one-dimensional situations [10, 11], considering E0= E0y
and Esc = Escy. In this frame, neglecting the dynam-
ics, and any photovoltaic contribution (which is valid for
SBN crystals), the Kukhtarev model allows to derive the
stationary space charge electric field
E∞sc =
1
1 + I˜
(
E0 − kBT
e
∂I˜
∂y
)
, (3)
were T is the temperature, kB the Boltzmann constant,
e the electron charge, and I˜ = IW/Isat is the writing
beam intensity IW normalized to the "dark intensity" or
"saturation intensity" Isat, which is a phenomenological
parameter accounting for the probability that electrons
are thermally excited in the conduction band. From Eq.
3 one obtains the stationary refractive index change
δn∞ = δn∞max
1
1 + I˜
, (4)
where we note
δn∞max = 0.5n
3
er33E
∞
sc . (5)
Note that the sign of the photorefractive effect depends
on the sign of Esc, thus, nonlinearities of focusing or de-
focusing type can be generated.
The simplest case is when the diffusion term can be
neglected (which we check in section IV), then the non-
local contribution disappears and one simply has
Esc =
E0
1 + I˜
. (6)
The isotropic approximation consists in assuming that
this is valid not only as a scalar expression, but also,
vectorially, i.e., that Eq. 6 can be written with the vec-
torial electric fields Esc and E0 (see, e.g., [5]). We are
not aware of quantitative studies or verifications of the
validity of such approximation.
Full anisotropic model
The isotropic model of Eq. 3 and 6 is useful in 1D,
and to intuitively grasp the interplay between the differ-
ent physical mechanisms, for example, to compare the
importance of diffusive vs drift mechanisms. However,
in the general case of 2D refractive index landscapes,
the intrinsic crystal anisotropy and the electric field E0
strongly destroys the isotropy of the system.
To describe the photorefractive effect in the general
case, an anisotropic model has been proposed by Zozulya
and Anderson [4], which has the structure of a nonlinear
problem for the electrostatic potential φ = φ0 − |E0|y
such that
Esc = −∇φ, (7)
where the light-induced potential φ0 is separated from
the contribution of the external field E0= E0y. Starting
form the 3D equations of the Kukhtarev model, assuming
a slowly varying light intensity field I, one obtains, in the
stationary regime, the governing equation [4, 9]
∇2φ0 +∇ ln(1 + I˜)∇φ0 = |E0|∂ ln(1 + I˜)
∂y
− kBT
e
[
∇2 ln(1 + I˜) + (∇ ln(1 + I˜))2
]
,
(8)
In the right hand side of Eq. 8, the first term proportional
to |E0| is the drift term, and the second, proportional to
kBT/e = D/µ (where D is the diffusion coefficient and µ
the electron mobility), the diffusive term.
If one neglects the diffusive effect (which we discuss in
Section IV), as, e.g., in [12–14], Eq. 8 becomes
∇2φ0 +∇ ln(1 + I˜)∇φ0 = |E0|∂ ln(1 + I˜)
∂y
. (9)
Time evolution of the refractive index
The temporal evolution of the photorefractive effect
can have primary importance in experiments. In gen-
eral, photorefractive recording follows a damped oscil-
latory behavior [2, 15], however for small index changes,
and/or when the writing beam intensity IW is so low that
the associated timescale is much longer than the mate-
rial’s intrinsic microscopic timescales, the writing (and
3also erasing) processes are well described by an exponen-
tial dependence with writing time tW as
δn = δn∞[1− exp(−tW/τW)]. (10)
For our parameters, the time constant τW is determined
by the rate of carrier generation set by IW since all mi-
croscopic timescales are much shorter, thus we have [2]
1
τW
∝ IW + Isat, (11)
and the exact value of τW depends on several parameters
including the lattice period. For our parameters typically
τW ∼ 10 − 100s for linear lattice writing, while the de-
velopment of nonlinear patterns is typically one order of
magnitude slower (see Section IV.2).
2. Wave propagation in a photo-written lattice
Linear case : Considering now (regardless of its ori-
gin) a transverse refractive index landscape δn(x, y),
invariant in z, the propagation of a wave of ampli-
tude Ψ(x, y, z) and vacuum wavelength λ = 2pi/k0 in
the paraxial approximation obeys a transverse (2+1)D
Schrödinger equation [16]
i
∂Ψ
∂z
= − 1
2β0
∇2⊥Ψ−
β0
n0
δn(x, y)Ψ, (12)
where n0 = ne, β0 = 2pin0/λ is the propagation constant
in the crystal, ∇2⊥ =
(
∂2
∂x2 +
∂2
∂y2
)
denotes the transverse
laplacian operator, the longitudinal (propagation) coor-
dinate z ↔ t plays the role of the time t, and the po-
tential V (x, y) is here replaced by the refractive index,
i.e. V (x, y) ↔ −δn(x, y). The correspondence to the
Schrödinger equation is complete with the additional re-
placement of the particle mass by the refractive index
m↔ n0 and the reduced Planck constant h/2pi ↔ λ/2pi.
Non-linear case : For more intense beams, photoex-
citation of carriers by the probe beam does influence the
refractive index pattern, i.e., non-linear propagation oc-
curs, and the stationary refractive index is also a function
of the beam intensity I. In the general anisotropic case,
one has to solve the system of Eq. 12 combined with Eq.
7 and Eq. 8 (or Eq. 9 if one neglects the diffusive contri-
bution). This is done in several works (see, e.g., [12, 17]),
and it allows to reach a fairly good agreement between
simulations and measurements.
Sometimes one also finds the more simplified isotropic
approximation, also neglecting the diffusive term, which
consists in simply using Eq. 6 for the nonlinear problem.
Then, the propagation of a probe beam in the crystal is
approximated by a (2+1)D nonlinear Schrödinger equa-
tion (NLSE) with saturable nonlinearity in the form
i
∂Ψ
∂z
= − 1
2β0
∇2⊥Ψ−
β0
n0
δn(x, y)Ψ−Γ Ψ
1 + |Ψ|2/Isat , (13)
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FIG. 1: Experimental set-up. WP : Wollaston prism. MO :
microscope objective. P : polarizer. HWP : half-wave plate.
PBS : polarizing beam splitter. BS : beam splitter.
where Γ = (1/2)k20n3er33E0 is the effective non-linear co-
efficient.
To get an idea of the importance of the photorefrac-
tive anisotropy in typical experiments, one can observe,
in [4], the simulations using the full anisotropic model
of Eq. 8, including the diffusive term, for a gaussian
beam propagating with attractive nonlinearity. In Fig.
4 and 7 of [4], one notes several differences in the re-
fractive index profiles in the two transverse directions (y
and x in our notations). In particular, the profiles in the
c-axis direction display not only a local minimum, but
also two local maxima aside of it, which has been ob-
served experimentally in [18]. More complex situations
have also been studied, for example the possibility to
obtain a hybrid (focusing and defocusing) nonlinearity
[14, 17]. Another consequence of the particularity of the
photorefractive nonlinearity, is that even the formation
of a continuous 2D soliton is not trivial, requiring specific
parameter ranges, and has given rise to debate [19, 20].
III. TEMPORAL STUDY OF
PHOTOREFRACTIVE LATTICE WRITING
1. Experimental set-up
For inducing and studying photorefractive lattices, we
use standard techniques, as sketched in Fig.1. A cw laser
beam at wavelength λ = 532nm is split in two compo-
nents of polarization. The ordinary polarized beam is
used as a lattice writing beam, modulated in real space
with a phase SLM (Holoeye Pluto) and dynamically fil-
tered in Fourier space using an amplitude SLM (Holoeye
LCR-1080). This configuration allows us to realize clean
non-diffracting lattice beams in any 2D geometry, pro-
4vided that the transverse spectrum of the lattice waves is
contained in a circle [21]. On the other hand, the extraor-
dinary polarized beam is used as a probe beam, which
eventually is shapen anisotropically using a cylindrical
lens, or focused with regular lenses. We use a 10× 5× 2
mm3, 0.005% CeO2 doped SBN:75 crystal, whose rele-
vant electro-optic coefficients are r33 = 1340pm/V and
r13 = 67pm/V [39]. We apply no background illumina-
tion during writing and, from the erasing time of lattice
patterns in the dark (∼1 day), we estimate the satura-
tion (dark) intensity in our crystals Isat ∼ 1µW/cm2 i.e.,
we work at high saturation IW  Isat.
2. Writing efficiency in 1D lattices
In this section we present time-resolved measurements
of the writing process for regular lattices, using a new
calibration technique presented in [8]. For simplicity, we
treat only 1D lattices oriented in the strong, c-axis di-
rection y. As noted in [8], 2D lattices involves a higher
degree of non-ideal effects, thus, 1D lattices are more fa-
vorable for carrying basic quantitative studies.
The experimental sequence consists in first writing a
lattice during a writing time tW with a writing beams
of average intensity IW, and a bias field E0. Noting the
intensity-dependent refractive index modulation (the re-
fractive index change minus its value at zero intensity)
∆n(I) = δn(I)− δn(0), (14)
as in [8], we assume ∆n(I) proportional to the lattice
intensity, i.e., of the form [40]
∆n(y) = ∆n0 sin
2(kLy/2 + φL), (15)
where kL = pi/d and d is the lattice period.
In a second step, we shut off the lattice waves and
send a probing plane wave at very low intensity into the
crystal. The intensity distributions at the crystal output
face are recorded on the real space CCD camera, and
integrated in the x direction so that we consider only
profiles I(y). To quantify the strength of the lattices, we
use a fitting function, as in [8], of the form
I(y) = I0
[
1 + α cos(kLy + φ1)
]
, (16)
where α is a modulation coefficient.
Analytic theories for the photorefractive effect are
available in the steady-state regime (see Section II). How-
ever, observing the convergence and stabilization to a
steady-state is not always easy to achieve in experiments,
since we often observe parasitic effects and instabilities,
especially for 2D lattices (see, e.g., the 2D lattices cal-
ibrations in [8]). On the other hand, it is much easier
to extract meaningful information from the behavior at
short times, where the refractive index is not yet strong
and non-ideal effects are weaker. Last, but not least,
the transient photorefractive regime gives access to ad-
justable lattice strength [8, 22]. Thus, we consider for
our study the initial rate of refractive index change
v0 =
(
∂∆n0
∂tW
)
tW=0
. (17)
To estimate v0 from measured data, we plot the modula-
tion ratio α as function of tW and fit its initial behavior
with an exponential function
α = α∞[1− exp(−tW/τW)]. (18)
Fig. 2.a shows some examples of this procedure, for
E0 = 0, d = 10µm and different writing beam intensi-
ties IW. Our method for absolute calibration of ∆n0 [8]
then allows to convert the initial slope ∂α/∂tW into v0.
For moderate lattice strengths ∆n0 (which is often valid
at short times), ∆n0 is simply proportional to α.
In Fig. 2.b, we show v0 as function of IW, for d =
10µm, and for a drift-dominated regime (E0 = 0.8kV/cm,
squares), and a diffusion-dominated regime (E0 = 0, cir-
cles). From Eq. 14, we have ∆n∞ = −δn∞maxIW/(IW +
Isat), and using Eq. 11 and IW  Isat one sees that the
initial writing speed is expected to be
v0 =
∆n∞
τW
∝ δn∞maxIW, (19)
i.e. simply linear in IW. The data in Fig. 2.b are in very
good agreement with fits using Eq. 19 (solid lines). The
ratio of the fitted slopes is 6.1, in good agreement with
the theoretical expectation of 4.9 using Eq. 21.
In Fig. 2.c, we plot v0 for a lattice of period d = 10µm
as function of E0. The dependence is nearly linear, which
is in agreement with the expectation from the isotropic
model (Eq. 3). The non-zero offset at E0 = 0 is due to
the diffusive term of the photorefractive effect. For our
typical working value E0 = 1.5kV/cm, this offset is small
and thus we reasonably consider that the photorefractive
effect lies in the drift-dominated regime.
3. Drift vs diffusive photorefractive effects
Let us quantify the relative importance of the drift vs
diffusion terms. For fixed lattice period d and writing in-
tensity IW, according to Eq. 19, we expect that the initial
writing speed is simply proportional to δn∞max given by
Eqs. 3 and 5. Writing the modulation of electric field
∆E = Esc(I)− E0 = ∆Edrift + ∆Ediff as
∆E =
1
1 + I˜
(
−E0I˜ − kBT
e
∂I˜
∂y
)
, (20)
one obtains, using Eq. 16 and considering only the writ-
ing velocity for the lattice maxima,
vdrift0
vdiff0
=
∆Edrift
∆Ediff
=
e
kBT
E0
kL
. (21)
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FIG. 2: Influence of external parameters on writing efficiency for a 1D lattice of period d = 10µm. (a) Determination of
initial writing speed v0 from fits of the modulation coefficient α as function of writing time tW with Eq. 10, for E0 = 0V, and
average writing beam intensities IW = 0.2, 0.4, 0.86, 1.4mW/cm2 (from bottom to top). (b) Initial writing speed v0 vs IW for
E0 = 0 and 0.8kV/cm. Solid lines show linear fits according to Eq. 19. (c) Initial writing speed v0 vs applied field E0, for
IW = 0.2mW/cm2. The solid line is a linear fit to the data.
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FIG. 3: Ratio of initial writing speeds for drift (E0 = 2kV/cm)
and diffusive (E0 = 0) photorefractive mechanisms versus lat-
tice period d, for IW = 1mW/cm2. The solid line is the theo-
retical prediction Eq. 21, with no adjustable parameter.
In particular one can express the electric field for which
the diffusive and drift terms have the same strength [2]
as ED = (kBT/e) kL.
In Fig. 3, we plot the measured ratio vdrift0 /vdiff0 of the
initial writing speeds for the diffusive mechanism (with
E0 = 0), and the drift mechanism (with E0 = 2kV/cm),
as function of the lattice period d. The ratio vdrift0 /vdiff0
increases linearly as expected with the lattice constant,
and the measured slope is very close to the theoretical
expectation from Eq. 21, with T = 300K (solid line),
which confirms our analysis and validates Eq. 19.
IV. OBSERVATIONS OF LINEAR AND
NON-LINEAR WAVE PROPAGATION IN
REGULAR LATTICES
In this section we study patterns of propagation in sim-
ple lattices, for plane waves and gaussian wave packets.
1. Linear wave propagation
Figure 4 shows pictures of linear wave propagation in
real and Fourier space, for 1D (upper row), square (mid-
dle row), and diamond lattices (lower row). The probe
beam is a plane wave (first two columns) or a beam with
broad transverse spectrum, narrowly focused at the crys-
tal input face (to a waist w0 = 2.0µm), that expands in
the crystal (last two columns). For the plane waves, we
check in Fourier space (Fig. 4.b, f, j) that the probe beam
is at the center of the first Brillouin zone [41]. Note that
lattice periods are not the same for all types of pictures.
Plane wave probe
The real space pictures for the plane wave (Fig. 4.a,
e, i) correspond to a waveguiding structure analysis [23],
which we use for calibrating the lattice strength [8]. Here
the anisotropy of the photorefractive effect is very clear.
For the square lattice, the modulation of the probe is
much stronger in the vertical direction (c-axis) than in
the horizontal one, as also reported in [13]. Also, for
the diamond lattice, the probe intensity at the waveg-
uide positions is much higher than for the square lattice
(although writing parameters are identical). In our data,
the anisotropy in the amplitude of refractive index mod-
ulation, is typically a factor 2, as estimated in [8].
In Fig. 4.a, e, i, some imperfections are also apparent,
probably attributable to residual non-linear effects, i.e.,
some modulational instability as discussed below. Such
imperfections are particularly evident for the 1D lattice,
but also for the square and diamond lattice. In the 2D
images, the irregularities could also be due to the contri-
bution of the diffusive photorefractive effect.
6dcba
fe g h
lkji
Plane wave probe Focussed, expanding probe
Real space Fourier space Real space Fourier space
y
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+yL
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-kL
FIG. 4: Intensity of a linear probe beam (and writing beam, in second column) at crystal output in real and Fourier space, for
a 1D (upper row), square (middle row) and a diamond lattice (lower row). The probe beam is a plane wave (first two columns)
or a narrowly focused wave at the crystal input, which expands in the lattice (last two columns). (a,e,i) Real space output
for a plane wave input probe with lattice period d = 27µm (1D lattice) and d = 38.5µm (2D lattices) (b,f,j) Fourier images of
lattice writing beams (four outside points) and the probe which is a point at k = 0. (c,g,k) Real space output for a focused
probe (discrete diffraction patterns) with d = 7µm (1D lattice) and d = 10µm (2D lattices). White lines show the ballistic
positions ±yL of vertical Bragg components ±kL. (d,h,l) Fourier images of the focused probe (Brillouin zone spectroscopy),
with d = 13.6µm (1D lattice) and d = 19.2µm (2D lattices), with vertical Bragg components ±kL shown as white lines.
Focused, expanding probe wave
With a focused, expanding linear probe, in real space
(Fig. 4.c, g, k), we observe the patterns commonly called
"discrete diffraction" [24], displaying two outer expand-
ing lobes of high intensity, particularly well seen in the 1D
case (Fig. 4.c). In Fig. 5.a we show a vertical slice of in-
tensity through Fig. 4.c, and in Fig. 5.b a corresponding
numerical simulation with a beam propagation code, car-
ried with no adjustable parameters, using a sinusoidal 1D
lattice whose strength ∆n0 = 0.95×10−4 was determined
using our calibration method [8]. To our knowledge, pre-
vious works did not present quantitative comparisons of
simulations with the measured data. The agreement be-
tween the measured and simulated profiles is quite good,
which validates our lattice calibration method.
As seen in Fig. 5, the outer lobes typically involve 3-4
lattice sites. Just beyond those lobes, dark notches (or
lines) are present, slightly bended in Fig. 4.c due to imag-
ing aberrations. Their positions correspond very well to
the positions (marked as white lines in Fig. 4.c,g,k, and
black vertical lines in Fig. 5) of the ballistic propagation
of wave components ±kL (at Bragg angles)
± yL = ±kL
kc
L = ± λL
2n0d
, (22)
where kL = pi/d and kc = 2pine/λ is the wave vector
modulus in the crystal. However one can note that the
measured profile is globally wider, which may be due to
an imperfect matching of the focal spot of the probe beam
at the crystal input face.
For the 2D square lattice (Fig. 4.g), the discrete
diffraction pattern features a horizontal stripe and ad-
ditionally two wider diagonal stripes. Due to the lattice
waves orientation, the horizontal stripe is narrower than
in the 1D case and its edges coincides with the ballistic
positions of components ±√2kL (white lines). No hori-
zontal modulation is visible, due to the photorefractive
anisotropy that causes weaker modulation of refractive
index in direction x. For the 2D diamond lattice (Fig.
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FIG. 5: Discrete diffraction in a 1D lattice with period d =
6.8µm of an expanding wavepacket with initial waist w0 =
2.0µm (data of Fig. 4.c). (a) Measured profile at crystal
output face (integrated in the window shown in black in inset).
(b) Simulated profile in 1D lattice with lattice strength ∆n0 =
0.95×10−4. The red solid line shows the propagation without
lattice. Vertical dashed lines show the ballistic positions ±yL
of Bragg components ±kL. The total intensity is equal in (a)
and (b).
4.k), the four outer lobes form the contour of a central di-
amond, behind which a horizontal stripe is visible, having
the same width as in the 1D case (white lines). The cen-
tral zone features a well regular checkerboard pattern,
with higher intensity in the four corners, each of them
presenting four sites with high intensity (see inset).
For the three lattices, and especially the diamond lat-
tice, one notices that light intensity is still present beyond
the ballistic Bragg lines ±yL (see also Fig. 5). This is
due to the continuous character of the system. Indeed,
for a purely discrete system -the typical model being the
discrete nonlinear Schrödinger equation (DNLSE) [24]-
the discrete diffraction pattern for an initial condition
localized at one single lattice site is very similar to our
observation, but no intensity at all is present beyond the
ballistic Bragg lines (see, e.g., Fig. 1.2 or Fig. 2.7 in [24]).
The intensity beyond the Bragg lines results from the
spectral content of the probe beam beyond the first Bril-
louin zone (BZ), in the second and higher bands. Such
an observation of band structure in real space has also
been studied in [25].
The Fourier images with focused probe (Fig. 4.d, h, l)
are generally referred to as "Brillouin zone spectroscopy"
[23, 26]. Interestingly, as also noted from simulations in
[27], we obtained these pictures using a coherent probe
beam (without using a spatial light diffuser as is done in
[23, 26]), and the Bragg lines are still very clearly appar-
ent as dark notches. The lines closest to the center mark
the edge of the first BZ, matching very well the predic-
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FIG. 6: Output intensity in Fourier space (Brillouin zone
spectroscopy) for a wavepacket with initial waist w0 = 2.0µm
expanding in a 1D lattice of period d = 13.6µm (data of Fig.
4.d). (a) Measured Fourier profile (integrated in the window
shown in black in inset). (b) Corresponding simulation for
a 1D lattice with lattice strength ∆n0 = 0.30 × 10−4. The
red solid line shows the propagation without lattice. Vertical
dashed lines show the Bragg planes ±kL. The total intensity
is equal in (a) and (b).
tions ±kL (and ±
√
2kL for the square lattice), shown as
white lines, only in the y direction. For the 2D lattices
(square and diamond), higher order Bragg lines are also
visible, but the anisotropy causes an almost complete ab-
sence of Bragg lines in the vertical direction.
In Fig. 6, we show a vertical profile (integrated over
the window shown in the inset) for the 1D pattern of
Fig. 4.d, comparing it to a simulation with no adjustable
parameter, using a sinusoidal 1D lattice, whose strength
∆n0 = 0.30× 10−4 was determined with our method [8].
Here, as for the discrete diffraction patterns (Fig. 5),
the simulation and measured data agree quite well, in
particular, displaying two notches and two neighboring
intensity maxima on the sides of the Bragg planes ±kL.
In the simulation, the oscillations decay fast away from
the Bragg planes ±kL. In the experimental image, fine
observation of the oscillations beyond the first cycle is
rendered difficult by parasitic fringes. We note that -to
our knowledge- no analytical explanation of the Brillouin
spectroscopy patterns has been proposed so far.
Overall, an important structural similarity is apparent
between the discrete diffraction (Fig. 4.c, g, k) and the
BZ spectroscopy pictures (Fig. 4.d, h, l).
2. Non-linear wave propagation
For higher probe beam intensities, we observe basic
nonlinear propagation phenomena.
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FIG. 7: Observation of modulational instability of a quasi-1D plane wave probe beam in a 1D lattice with period d = 10µm,
at tW = 120s, with E0 = 2kV/cm, lattice beam intensity IL = 0.2mW/cm2 and probe beam intensity Ip. For each case the top
panel shows the output intensity distribution, the middle panel, the vertically integrated intensity profile, the third panel its
Fourier transform. The lattice component lies at k ' 0.05/µm while the MI develops at lower momenta around k = 0.015/µm.
(a-c) Linear output with focusing nonlinearity and Ip/IL = 0.02. (d-f) focusing nonlinearity and Ip/IL = 0.7. (g-i) focusing
nonlinearity with Ip/IL = 1.1. (j-l) Defocusing nonlinearity and Ip/IL = 0.7.
Modulational instability in quasi-1D
Modulational instability (MI) is a general phenomenon
by which an unmodulated carrier wave gets destabilized,
and other frequency components grow exponentially from
perturbations or background noise. MI can be considered
as a precursor of soliton formation [28]. In photonics, MI
has been studied in many configurations including con-
tinuous photorefractive systems [29–33]. In lattice ge-
ometries, discrete MI has been observed in semiconduct-
ing waveguide arrays with a focusing nonlinearity [34],
in the normal diffraction region (central half of the BZ),
but also with defocusing nonlinearity in [35], where the
destabilization occurs only for carrier wave vectors lying
in the region of anomalous diffraction region (outer half
of the BZ, close to the band edge).
In this work we report an observation in a new quasi-
one dimensional photorefractive configuration (although
the physics is still governed by the full 2D and anisotropic
equations Eq. 7 and 8). We use a cylindrical lens of
focal length f = 150mm to focus the probe beam in only
one direction, while a 1D lattice, of period d = 10µm,
covers the entire region of interest (in 2D). The probe
beam focus is placed at half of the crystal length L =
10mm. Its waist in the x direction is w0 ' 25µm and
the Rayleigh length is lR ' 4mm, so that the diffraction
in the x direction during propagation in the crystal is
unimportant. We apply the probe and lattice writing
beams together during the same writing time tW = 120s.
(one could envision different times for both beams but
this would add parameters and complexify the problem).
In Fig 7, we show the observed output intensity at
tW = 120s, the vertically integrated profiles I(y) and
their Fourier transforms I(k) for the linear case (a-c), the
9nonlinear case with focusing nonlinearity (b-d, g-i) and
for a defocusing nonlinearity (j-l). In all cases the probe
beam is launched at the center of the BZ (momentum
k = 0), and we quantify the strength of nonlinear effects
by the ratio Ip/IL of the peak probe wave intensity (at
input) Ip to the average lattice beam intensity IL. In
all three nonlinear cases, the writing of the lattice is fast,
with an exponential time of about 30s, whereas the effects
of MI develop much slower, increasing continuously over
more than 200s.
In the linear case (Fig. 7.a-c, with Ip/IL = 0.02),
the probe beam gets modulated essentially at the lat-
tice frequency k ' 0.05/µm. In the nonlinear case with
moderate nonlinearity (Fig. 7.d-f, with Ip/IL = 0.7),
one notices the reduction of the main modulation, and
the appearance of spectral weight around k = 0.015/µm.
For stronger nonlinearity, (Fig. 7.g-i, with Ip/IL = 1.1),
the destabilization is stronger, the lattice component at
k ' 0.05/µm is almost erased and the spectral weight in
the window k = 0.015−0.03/µm is more important. This
is a particularity of the photrefractive effect, where lat-
tice writing and nonlinear effect rely on the same physical
mechanism (see Section II), so that strong nonlinearity
can simply erase the underlying lattice structure as in
Fig. 7.g, in the zones where self-focusing is strong.
By contrast, in the defocusing case (Fig. 7.j-l, with
Ip/IL = 0.7), the lattice component is almost unaffected
by the nonlinearity (in the linear case, it reaches about
the same value, always smaller than in the focusing case),
and almost no spectral weight is apparent in the MI re-
gion, as expected for a carrier plane wave at the center
of the BZ [36].
Temporal formation of a discrete soliton
Although the formation of discrete solitons in dia-
mond 2D lattices has already been reported [5, 37], we
here present a different observation, in the time do-
main. In Fig. 8, we show the output intensity at times
tW = 23, 39, 54s, when a diamond 2D lattice and a fo-
cused probe beam are simultaneously applied, with a ra-
tio of peak input probe intensity to average lattice in-
tensity Ip/IL ∼ 0.5. At short times (a), the lattice writ-
ing effect is already strong so that discrete instead of
continuous diffraction is observed, with four well-marked
intense outer lobes, whereas nonlinear effects have not
yet noticeably come into play. At intermediate (b) and
longer times (c), the self-focusing nonlinear term leads
to the formation of a discrete soliton-like propagation.
The maximal soliton intensity in units of the average lat-
tice intensity, in (c) is Ip/IL ' 0.5. In our observation,
one notes the differential writing times for the lattice or
nonlinear structure, as already noted in our MI measure-
ments, which points at the complexity of the photore-
fractive dynamics.
V. CONCLUSION
We have studied basic features of the writing and prob-
ing of photorefractive lattices, providing some new verifi-
cations and observations in simple configurations. Using
linear plane waves and 1D lattices, we analyzed the often
overlooked transient regime of photorefractive writing.
We checked first that the initial writing speed v0 is pro-
portional to the writing beam intensity IW, as expected
at high saturation IW  Isat. Using v0, we measured
the ratio between contributions of the diffusion and drift
photorefractive mechanisms, finding very good quantita-
tive agreement with a theory assuming v0 proportional
to the stationary lattice strength. We thereby provided a
quantitative check of the commonly used approximation
consisting in neglecting the diffusion term.
Further, we studied the linear wave propagation in reg-
ular lattices. Using plane waves, we observed effects
of the photorefractive anisotropy and parasitic nonlin-
earities. With focused, expanding wavepackets with a
broad transverse spectrum, we analyzed discrete diffrac-
tion patterns (at finite propagation time, in real space),
noting an analogy with the Fourier space patterns of Bril-
louin zone spectroscopy, since Bragg planes and band
structure appear in both types of images. Using our new
lattice calibration method [8], for the first time to our
knowledge, we could quantitatively compare experimen-
tal data to simulations based only on direct calibrations
and no adjustable parameters, finding good agreement.
In the future this approach for quantitative comparisons
with simulations can be extended to experiments in more
complex lattices.
For nonlinear waves, we observed the development of
modulational instability of plane waves in a quasi-1D ge-
ometry with focusing nonlinearity, but for a defocusing
nonlinearity, no MI was observed, as expected for a car-
rier plane wave at the center of the Brillouin zone. For a
focused input wave, we recorded the temporal formation
of discrete solitons.
In general, our work improves the understanding of
photorefractive lattice experiments. Our observations of
non-ideal effects (anisotropy, parasitic nonlinearity, dif-
fusive term, non-stationarity), can explain some imper-
fections typical in experiments, for example the strong
damping of longitudinal Talbot-like oscillations for plane
waves, reported in [8], or the guided wave distortions ap-
parent in Fig. 4.a,e,j or in [12].
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FIG. 8: Temporal transition from discrete diffraction to a discrete soliton in a diamond lattice of period d = 19µm with
IL = 0.8mW/cm2, at writing times tW =23s (a), 39s (b), 54s (c), with same color scale. In (c), the maximal intensity in the
central lobe is Is/IL ' 0.5.
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